We report new time-resolved laser-induced fluorescence lifetime measurements for 22 highly excited even-parity levels in singly ionized yttrium (Y II). To populate these levels belonging to the configurations 4d6s, 5s6s 4d5d, 5p 2 , 4d7s and 4d6d, a two-step laser excitation technique was used. Our previous pseudo-relativistic Hartree-Fock model (Biémont et al. 2011) was improved by extending the configuration interaction up to n = 10 to reproduce the new experimental lifetimes. A set of semi-empirical oscillator strengths extended to transitions falling in the spectral range λλ194-3995 nm, depopulating these 22 even-parity levels in Y II, is presented and compared to the values found in the Kurucz's data base (Kurucz 2011).
I N T RO D U C T I O N
Accurate oscillator strengths for electric dipole transitions in Y II are needed for the determination of the yttrium abundance in stellar atmospheres. A recent example is the determination of the abundance ratio [Y/Mg] in solar twins that provides a sensitive chronometer for Galactic evolution (Nissen 2015; Tucci Maia et al. 2016) . Yttrium (Z = 39) is a slow neutron-capture element primarily produced in low-to-medium mass AGB stars at solar metallicity, and its presence in stars of different ages and locations gives a good indication of the chemical history of the Milky Way (Mishenina et al. 2016) .
High-excitation lines have additional diagnostic value because they can probe both non-local thermodynamical equilibrium and 3D effects in stellar atmospheres (Lind, Bergeman & Asplund 2012) . It is worth noting that all previous experimental lifetimes and oscillator strengths available in the literature for Y II only involve low-excited odd-parity levels (Andersen, Ramanujan & Bahr 1978; Hannaford et al. 1982; Gorshklov & Komarovskii 1986; Pitts & Newson 1986; Wännström et al. 1988; Reshetnikova & Skorokhod 1999; Biémont et al. 2011) . With the exception of the Kurucz's data base (Kurucz 2011) , this is also the case for the theoretical data (Pirronello & Strazzulla 1980; Migdalek & Baylis 1987; Migdalek & Stanek 1993; Biémont et al. 2011) . Hannaford et al. (1982) combine the experimental lifetimes with relative intensities of the lines depopulating these levels to derive oscillator strengths. E-mail: patrick.palmeri@umons.ac.be
The aim of this study is to extend our knowledge of Y II to include highly excited even-parity levels. This was accomplished with a two-step laser excitation technique at the Lund High Power Laser Facility VUV laboratory using time-resolved laser-induced fluorescence (TR-LIF). Our previous HFR+CPOL calculations (Biémont et al. 2011 ) have been extended up to n = 10 to provide the radiative rates for the transitions depopulating the whole set of measured odd-parity and even-parity levels.
In Section 2, a description of the experimental method is given. Section 3 describes our new HFR+CPOL calculations. The results are presented and discussed in Section 4.
T R -L I F M E A S U R E M E N T S
The ground state in Y II is 5s 2 1 S 0 and the lowest excited term is 4d5s 3 D, with levels below 1500 cm −1 . These even-parity levels are directly populated in the ablation plasma created by focusing a frequency doubled Nd:YAG laser on a rotating yttrium target inside a vacuum chamber with a pressure of about 10 −4 mbar. To reach the highly excited even-parity levels, we applied a two-step procedure. A Nd:YAG pumped dye laser, with a pulse length of around 10 ns and operating on a Pyridin dye, excited the intermediate odd-parity levels in the 4d5p configuration around 29 000 cm −1 . A second Nd:YAG pumped dye laser, with a pulse length of 0.8 ns and operating on DCM dye, excited the final, even-parity levels, in the energy range 50 000-75 000 cm −1 studied in this investigation. An example of the two-step procedure is shown schematically in the insert in Fig. 1 . Details of the set-up at the high-power laser facility in Lund are given by Lundberg et al. (2016) , and an overview is presented in fig. 1 of that paper.
To reach the 4d5p levels, wavelengths around 350 nm were obtained by frequency doubling of the dye-laser output in a KDP crystal. For the final step, we utilized frequency doubling or tripling and, when necessary, added or subtracted one Stokes shift of 4153 cm −1 in a H 2 gas cell. The fluorescence from the excited levels was detected by a 1/8 m monochromator, with its 0.12 mm wide entrance slit oriented parallel to the excitation laser beams and perpendicular to the ablation laser, and registered by a fast micro-channel-plate PM-tube (Hamamatsu R 3809U) with a rise time of 200 ps. A Tektronix oscilloscope (DPO 7254) digitized both the fluorescence signal and the shape of the second-step excitation laser, recorded by a fast photodiode, in time steps of 50 ps. The different excitation and detection schemes used are presented in Table 1 .
Each recorded decay curve was averaged over 1000 laser shots, and for each level we performed between 10 and 20 measurements over several days. All curves were analysed by fitting a single exponential decay convoluted by the recorded laser pulse and a constant background using the code DECFIT (Palmeri et al. 2008) . The final lifetime is the average over all measurements, and is presented in Table 2 . The quoted uncertainties include statistical uncertainties from the curve fitting and the variation between the repeated measurements, where the latter is the dominating source.
As discussed by Lundberg et al. (2016) , there are two special experimental considerations in a two-step scheme. A problem may arise if there is a decay channel from the intermediate level close in wavelength to the channel used to measure the decay of the final level. Since the intermediate fluorescence is usually very intense and extends over more than 10 ns, this may cause problems even with a fairly large wavelength separation. One such case is illustrated in Fig. 1 . Here, the transition at 488 nm from the intermediate Notes. a For all measured levels, the first excitation step used the frequency doubled (2ω) output from the dye laser. b Nilsson et al (1991) . c 2ω/3ω means the frequency doubled/tripled output from the dye laser. S/AS is one added/subtracted Stokes shift of 4153 cm −1 . d Fluorescence measurements below 400 nm were performed in the second spectral order. e Corrected for fluorescence from the level excited by the first-step laser. See Fig. 1 and discussion in the text for further details. 4d5p 3 D 3 level is sufficiently close to the decay of the 4d7s 3 D 3 level, which we measured in the second spectral order at 474 nm, to give a noticeable contribution to the decay curve, as seen in Fig. 1 . However, this can be accurately corrected for by recording a separate decay curve with the second-step laser blocked, which is then subtracted from the first measurement before the lifetime analysis. All levels were checked for this effect. Several other cases were encountered and corrected for in a similar way, as noted in Table 1 .
A more serious problem is caused by so-called cascades. One example encountered in this work is in the decay of the 4d5d 3 D 1 level at 58 720 cm −1 . Here, we measured in two channels, 306.9 and 374.8 nm, but had to omit a third possibility at 320.4 nm since this line is blended by a cascade transition at 320.3 nm arising from 5d5p 3 P 0 populated from the 4d5d 3 D 1 level by the 374.8 nm transition. Since such problems cannot be corrected, spectroscopic investigations must be made to avoid using any perturbed channels. In this respect the availability of the comprehensive term analysis of Y II by Nilsson, Johansson & Kurucz (1991) is invaluable, since it allows us to identify which decay channels might be affected.
HFR+C P O L C A L C U L AT I O N S
As our previous calculations in Y II (Biémont et al. 2011) were restricted to correlation up to n = 6, the present HFR+CPOL calculations have been extended to n = 10 to model the highly excited energy levels up to n = 7 measured in this study.
The pseudo-relativistic Hartree-Fock (HFR) method (Cowan 1981 ) incorporating a core-polarization correction (CPOL) to the Hartree-Fock potential and to the dipole operator (Quinet et al. 1999 (Quinet et al. , 2002 has been used. The configurations considered in the configuration interaction (CI) expansions were the following: 5s 2 + 5sns (n = 6−10) + 5snd (n = 4−10) + 5sng (n = 5−10) + 4d 2 + 4dns (n = 6−10) + 4dnd (n = 5−10) + 4dng (n = 5−10) + 5d 2 + 5d6s + 5d6d + 5p 2 + 5png (n = 4−6) + 6s 2 + 6p 2 + 6pnf (n = 4−6) for the even parity; 5snp (n = 5−10) + 5snf (n = 4−10) + 5snh (n = 6−10) + 4dnp (n = 5−10) + 4dnf (n = 4−10) + 4dnh (n = 6−10) + 5pnd (n = 5−6) + 6pnd (n = 5−6) for the odd parity. The ionic core considered for the core-polarization effects was a krypton-like yttrium [Ar]3d 10 4s 2 4p 6 core with a static dipole polarizability of α c = 4.05a 3 0 (Johnsson, Kolb & Huang 1983 ) and a cut-off radius taken as the HFR mean radius of the outermost core orbital, i.e. r c = 4p|r|4p HFR = 1.453a 0 .
In a least-squares fitting procedure, some radial parameters have been adjusted to minimize the differences between the Hamiltonian eigenvalues and the experimental energy levels of Nilsson et al. (1991) . The levels belong to the configurations 5s 2 , 5sns n = 6−8, 5snp n = 5−6, 5snd n = 4−6, 5snf n = 4−5, 4d 2 , 5dns n = 6−9, 5dnp n = 5−7, 5dnd n = 5−8, 5dnf n = 4−7, 5d5g and 5p 2 . The configuration average energies, E av , the direct and exchange Slater integrals F k and G k , the effective interaction parameters (α, β and T) and the spin-orbit integrals ζ of these configurations have been fitted. Their fitted and ab initio values are reported in Table 3 . All the other Slater integrals have been scaled down by a factor of 0.85.
In total, 119 even-parity and 115 odd-parity experimental energy levels published in Nilsson et al. (1991) have been included in the fitting procedure and the average deviations have been minimized to 158 cm −1 for the even-parity levels and to 118 cm −1 for the odd-parity levels.
R E S U LT S A N D D I S C U S S I O N
Our lifetimes are given in Table 2 and compared to available experimental and theoretical values.
For the odd-parity levels, our theoretical values are, in most of the cases, slightly larger than our previous calculations (Biémont et al. 2011), i.e. they are ∼5 to ∼15 per cent larger with the exception of the triplets 5s5p z 3 P o and 4d5p y 3 P o , and generally in better agreement with measurements. Some of the theoretical lifetimes are affected by strong cancellation effects (with cancellation factors as defined by Cowan 1981 less than 0.1) on decay channels that contribute significantly (more than 10 per cent) to the radiative lifetime. They are marked with an asterisk in Table 2 and are model sensitive. For instance, the three theoretical values are noticeably different for the level 5s5p z 3 P o 2 and the cancellation effects tend to lengthen the calculated lifetimes.
For the even-parity levels, our calculated values are on average slightly longer than our experimental ones by about 10 per cent. This means that the core-polarization effects are overestimated for the even-parity levels in our model. On the other hand, the lifetimes calculated by Kurucz (2011) , who used Cowan's codes (Cowan 1981) , are on average 5 per cent shorter than our measurements.
As for the odd levels, some lifetimes are significantly longer than our measurements by up to a factor two, notably for the level 4d6d 3 D 3 . In our calculations, this is due to strong cancellation effects. Most likely this is also the case for the Kurucz data, although the cancellation factors are not available in Kurucz's data base (Kurucz 2011) . Table 4 is a sample of a bigger table listing the strongest 357 E1 decay channels (having an A-value greater than 10 4 s −1 ) depopulating the levels for which the lifetime has ever been measured in Y II. Here, the transitions with λ < 230 nm are shown. The whole table is available in electronic format at the Centre de Données astronomiques de Strasbourg (CDS 2017) and in the online version of the paper as supplementary material. Along with the HFR+CPOL oscillator strengths (log gf) and transition probabilities (gA), the corresponding corrected radiative parameters (log gf c and gA c ) are given for each transition with the experimental lifetime of the upper level (τ c ) used to rescale these parameters. We recommend the astronomical community to use these rescaled values as they should correct the overestimation of the core-polarization effects by our model for the highlyexcited even-parity levels involved in the transition outlined in the previous paragraph.
In Figs 2−4, the present HFR+CPOL oscillator strengths are compared with our previous values (Biémont et al. 2011) , those of Kurucz (Kurucz 2011 ) and the experimental values of Hannaford et al. (1982) , respectively. Although the latter concerns exclusively the decay transitions of low-lying odd-parity levels (Hannaford et al. 1982) , they nonetheless provide a good test of the present HFR+CPOL model. Fig. 2 shows a good agreement between our two calculations with no systematic effects, as the core-polarization has been taken into account in both models. However, some discrepancies are seen for the weak transitions due to cancellations such as the transition 4d 2 a 2 P 0 −4d5pz 1 P o 1 at 733.295 nm with log gf = −3.08 and a cancellation factor of CF = 0.07 in this work, compared to log gf = −1.98 obtained with our previous model. In this particular case, it is advisable to use our older published value (Biémont et al. 2011), i.e. −1.98, that belongs to a smaller set of calculated strong (log gf > −2) decay transitions being not affected by cancellation. Besides, Kurucz (2011) gives a value of −2.87 for that line. We suspect that this oscillator strength is also affected by cancellation as it is calculated ∼1 dex weaker than the value of Biémont et al. (2011) , similarly to the present calculation. Unfortunately, CF values are not reported in Kurucz (2011) . Fig. 3 shows that the oscillator strengths computed by Kurucz (2011) are systematically larger than ours by, on average, 0.07 dex for lines with log gf > 0. Furthermore, a significant number (92 transitions out of 357) of the lines with log gf < 0 are affected by strong cancellation effects (CF < 0.1) showing discrepancies of one dex or more. Using our log gf-values with CF < 0.1 is not Table 4 . Transition probabilities (gA) and oscillator strengths (log gf) for the strongest (with an A-value greater than 10 4 s −1 ) decay channels depopulating the levels for which the lifetime has been measured in Y II. This is a sample for the transitions with λ < 230 nm. The complete table is available in electronic format at the CDS (2017) and in the online version of the paper as supplementary material.
Comparison between the present HFR+CPOL log gf values and those of our previous study (Biémont et al. 2011) . A straight line of equality has been drawn.
recommended as these values could be off by a few dex. Moreover, values of Kurucz (2011) that are weaker than ours by a few dex should be taken with care as we suspect that they are affected by strong cancellation effects similarly to the case of the line at 733.295 nm discussed previously. Comparison between the present HFR+CPOL log gf values and those of the Kurucz's data base (Kurucz 2011) . A straight line of equality has been drawn.
In Fig. 4 , it is seen that our HFR+CPOL log gf-values agree well with the experimental determinations of Hannaford et al. (1982) , the standard deviation of the differences between the two sets being 0.11 dex. From this comparison, one could estimate that the present Hannaford et al. (1982) . A straight line of equality has been drawn.
log gf values have an accuracy of the order of ∼0.1 dex with the exception of the HFR+CPOL values affected by cancellation, i.e. with CF < 0.1.
C O N C L U S I O N S
New lifetimes have been measured for 22 highly excited evenparity levels in Y II using TR-LIF spectroscopy. A two-step laser excitation method has been used to reach these levels that belong to the configurations 4d6s, 5s6s 4d5d, 5p 2 , 4d7s and 4d6d. To reproduce our measurements, particularly for the levels belonging to the 4d7s configuration, it was necessary to extend our previous HFR+CPOL model (Biémont et al. 2011 ) up to n = 10. Comparisons of the present HFR+CPOL calculations with previous and new measurements and theoretical data show a good agreement except for transitions affected by strong cancellations. In addition, it was found that the core-polarization effects in our model are slightly overestimated for the highly excited even-parity levels and consequently we choose to rescale our HFR+CPOL radiative rates using the experimental lifetimes for 357 E1 transitions in Y II.
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